Proteins of the Sm and Sm-like (LSm) families, referred to collectively as (L)Sm proteins, are found in all three domains of life and are known to promote a variety of RNA processes such as base-pair formation, unwinding, RNA degradation, and RNA stabilization. In eukaryotes, (L)Sm proteins have been studied, inter alia, for their role in pre-mRNA splicing. In many organisms, the LSm proteins form two distinct complexes, one consisting of LSm1-7 that is involved in mRNA degradation in the cytoplasm, and the other consisting of LSm2-8 that binds spliceosomal U6 snRNA in the nucleus. We recently characterized the splicing proteins from the red alga Cyanidioschyzon merolae and found that it has only seven LSm proteins. The identities of CmLSm2-CmLSm7 were unambiguous, but the seventh protein was similar to LSm1 and LSm8. Here, we use in vitro binding measurements, microscopy, and affinity purification-mass spectrometry to demonstrate a canonical splicing function for the C. merolae LSm complex and experimentally validate our bioinformatic predictions of a reduced spliceosome in this organism. Copurification of Pat1 and its associated mRNA degradation proteins with the LSm proteins, along with evidence of a cytoplasmic fraction of CmLSm complexes, argues that this complex is involved in both splicing and cytoplasmic mRNA degradation. Intriguingly, the Pat1 complex also copurifies with all four snRNAs, suggesting the possibility of a spliceosome-associated pre-mRNA degradation complex in the nucleus.
INTRODUCTION
Nuclear pre-mRNA splicing is the eukaryotic process of removing introns from pre-messenger RNA (Berget et al. 1977; Chow et al. 1977) . In the stepwise splicing reaction, U1, U2, U4, U5, and U6 snRNAs assemble with proteins to form discrete small, nuclear ribonucleoproteins (snRNPs) that assemble on the pre-mRNA and catalyze the splicing reaction (Wahl et al. 2009 ). In addition to snRNA-specific proteins, four snRNPs (U1, U2, U4, and U5) contain a common heteroheptameric Sm protein complex that binds to the 3 ′ end of the snRNA (Lerner and Steitz 1979) . In contrast, U6 associates with a heteroheptameric complex of Sm-like (LSm) proteins (Séraphin 1995) .
(L)Sm proteins form a variety of RNA-binding complexes in Eukaryotes and Archaea (Wilusz and Wilusz 2013) . Nine different LSm proteins have been identified in yeast, eight of which form two major complexes: the LSm 2-8 proteins form a complex involved in pre-mRNA splicing Salgado-Garrido et al. 1999) , and the LSm 1-7 proteins form a similar complex involved in mRNA degradation (Tharun et al. 2000) . These two distinct complexes share six of the seven subunits (LSm 2-7); however, they have dramatically different roles and cellular localizations (splicing in the nucleus and mRNA degradation in the cytoplasm). The splicing-associated LSm complex binds U6 snRNA (Vidal et al. 1999) , whereas the mRNA degradation complex is found to be associated with enzymes recruited for mRNA degradation, namely Pat1, Xrn1, Dhh1, Edc3, Edc4, Scd6, and Dcp1/2 (Bouveret et al. 2000; Franks and LykkeAndersen 2008; Fromm et al. 2012; Cary et al. 2015) . In addition, LSm proteins have been found to interact with U8 snRNA in Xenopus (Tomasevic and Peculis 2002) and other small RNAs (Fischer et al. 2010) , and have been implicated in pre-tRNA and pre-rRNA processing (Beggs 2005 ) and telomerase RNA processing (Tang et al. 2012) . The presence of LSm and Sm-like proteins in eukarya, archaea, and bacteria (which contain the Sm-motif-containing Hfq complex), as well as their wide variety of functions, indicates that (L)Sm proteins are important in modulating several aspects of RNA and RNP biogenesis.
Recently, we reported a dramatically reduced set of splicing components in the red alga Cyanidioschyzon merolae (Stark et al. 2015) , whose genome had been found to contain only 27 introns (Matsuzaki et al. 2004) . We proposed that this organism offers a more tractable system for studying the complex process of splicing, as it harbors only 31 proteins predicted to assemble into snRNPs. Furthermore, we found few snRNP biogenesis factors, and a startling absence of the U1 snRNA and U1-associated proteins. Interestingly, we found only seven LSm proteins, in contrast to the eight or more LSm proteins found in other eukaryotes. This suggests that only one LSm complex forms in C. merolae. We were able to unambiguously identify the CmLSm 2-7 subunits by sequence comparison; however, the remaining subunit showed similarity to LSm1 and LSm8. Thus, it was unclear whether the CmLSm complex is involved in splicing or in mRNA degradation.
In order to determine the function of this singular LSm complex, we investigated its association with the U6 snRNA, which would indicate a role in splicing. Here, we show that recombinantly purified C. merolae LSm complex binds C. merolae U6 snRNA in vitro. We report that immunoprecipitating the LSm complex copurifies U6 snRNA along with many other splicing proteins from C. merolae extract, and that in the reciprocal experiment, U6 snRNA pulldown copurifies the LSm proteins. These data, in combination with the observation of a nuclear fraction of LSm proteins, support a splicing function for the CmLSm complex. Nevertheless, we also observed the Pat1-associated mRNA degradation complex, not only in CmLSm immunoprecipitation, but also in all of the snRNA pull-downs. Together with a clear cytoplasmic fraction of CmLSm proteins, this supports an mRNA degradation function for the CmLSm complex.
RESULTS
While looking for splicing proteins in C. merolae, we identified CmLSm proteins 2-7 as the top hits from human homologs (Fig. 1A) . The alignment highlights the conservation of known residues in the Sm motif (Cooper et al. 1995; Séraphin 1995) ; however, BLAST searches were unable to clearly distinguish whether the remaining protein was LSm1 or LSm8. In order to determine which protein the CmLSm1/8 candidate was most similar to, and therefore which LSm function the C. merolae proteins would be implicated in, we aligned the sequence of the CmLSm1/8 candidate with LSm1 and LSm8 protein sequences from other organisms (Fig. 1B,C) . The CmLSm1/8 protein showed greatest similarity to the LSm1 proteins in terms of sequence conservation. For example, the CmLSm1/8 protein is 29% identical to Saccharomyces cerevisiae (Sc) LSm1 (Fig. 1B) , but only 20% identical to Sc LSm8 (Fig. 1C) . To further test the evolutionary relationship of the C. merolae protein to LSm1 and LSm8 proteins, we calculated phylogenetic trees with a variety of homologs, using distantly related proteins as outgroups. In all trees calculated, CmLSm1/8 unambiguously segregated with the LSm1 proteins (Fig. 1D ). This suggests that the CmLSm complex is more similar to the cytosolic LSm1-7 complex involved in mRNA degradation, leaving open the question of whether these proteins have any role in premRNA splicing. If the CmLSm complex is not associated with U6 during splicing, however, U6 would be predicted to have no associated proteins (since C. merolae lacks the canonical U6 snRNP protein Prp24 [Stark et al. 2015] ). We therefore hypothesized that, even though the composition of the CmLSm complex appeared more similar to the mRNA degradation complex, the CmLSms are nevertheless associated with U6 snRNA.
In order to address the function of the CmLSm complex in vitro, we expressed and reconstituted the recombinant CmLSm complex from Escherischia coli. We generated an expression vector for the seven CmLSm genes using the pQLink-based expression system we previously developed for the yeast LSm complex (Dunn 2014) . A peak eluted from a gel filtration column in a volume intermediate to the 158 kDa and 44 kDa size standards, consistent with the predicted complex mass of 92 kDa ( Fig. 2A) . SDS-PAGE showed bands corresponding to four unique sizes (Fig. 2B ). Since several of the CmLSm subunits are close in size, we expect bands to comigrate (see annotations at left, Fig. 2B ). Human and yeast LSm complexes form a torus (Zaric et al. 2005; Karaduman et al. 2008 ), so we analyzed the CmLSm complex by negative stain electron microscopy (EM). Twodimensional analysis revealed that, similar to the human and yeast complexes, the purified CmLSm complex adopts an overall toroidal architecture (Fig. 2C) , consistent with its predicted properties. To confirm the composition of the complex, we analyzed the purified sample by mass spectrometry, which showed the presence of all seven expressed FIGURE 1. The putative CmLSm1/8 protein sequence is most similar to LSm1 proteins. (A) Multiple sequence alignment of C. merolae LSm proteins. The LSm7 sequence (XP_005537866.1) begins at amino acid 35. Percent identities are normalized by aligned length. Residues are colored by identity and property. The consensus sequence at a 70% threshold is shown below, with symbols as defined in MVIEW (Brown et al. 1998) . C. merolae LSm1/8 aligned with (B) LSm1 proteins and (C) LSm8 proteins of Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Homo sapiens (Hs), Arabidopsis thaliana (At), Ostreococcus tauri (Ot), Chlamydomonas reinhardtii (Cr), and Galdieria sulphuraria (Gs), formatted as in A. (D) Phylogenetic tree of LSm1 and LSm8 sequences, showing that CmLSm1/8 clusters within the LSm1 sequences. Branch support values were calculated with PhyML (Guindon et al. 2010) , and the scale bar indicates the number of amino acid substitutions per site.
proteins (see Supplemental Material). These observations suggested that the CmLSm complex was organized similarly to other LSm complexes.
To test directly the hypothesized interaction between the CmLSm complex and U6 snRNA, we performed electrophoretic mobility shift assays (EMSAs) with the recombinantly purified CmLSm complex and full length, in vitro transcribed U6. High concentrations of CmLSm complex (>100 nM) resulted in a quantitative shift of U6 snRNA from the free-to-bound form as detected by native gel electrophoresis (Fig. 3A) . To calculate the dissociation constant (K d ), we plotted the fraction of bound U6 against the concentration of LSm protein and fit the binding data to the Hill equation as described in Materials and Methods (Fig. 3B) . The K d for full-length U6 binding the LSm complex was calculated to be 120 ± 15 nM, and the line fit gave a Hill coefficient of n = 1.2 ± 0.2. This value is consistent with the LSm complex binding as a single particle, rather than each protein assembling individually onto the RNA.
Previous reports have shown that the 3 ′ uridine-rich end of U6 is necessary for LSm binding (Achsel et al. 1999 ). Similarly, cross-links have been observed in S. cerevisiae between the LSm complex and the base of the 3 ′ stem loop of U6 (Karaduman et al. 2006 ). Both of these potential binding elements are conserved in the predicted secondary structure of CmU6 ( Fig. 3C ; Stark et al. 2015) . In order to investigate whether these sites are important for LSm binding in C. merolae, we designed two oligonucleotides corresponding to the above-mentioned regions of U6 (ro62, 3
′ end: Fig. 3C , highlighted region, and ro63, 3
′ end+stem: Fig. 3D ) and repeated the EMSAs. Increasing concentrations of LSm complex were capable of shifting both oligos from free-to-bound forms (Supplemental Fig. S1 ). The ro62 oligo gave a K d of 150 nM, and the ro63 gave a K d of 180 nM (Table 1) . These values indicate that the 3 ′ U-rich end is sufficient for LSm binding, as including residues to encompass more of U6 does not substantially increase the binding affinity of the LSm complex. In contrast to some reports (Licht et al. 2008 ), but consistent with others (Zhou et al. 2014) , the similarity of K d values between the oligonucleotides (with 3 ′ OH) and full-length U6 (with a 3 ′ cyclic phosphate) suggests that a 3 ′ cyclic phosphate is not an important determinant for LSm binding in C. merolae. These data show that the CmLSm complex binds U6 quantitatively, implying a role for the LSm complex in splicing.
To establish the specificity of the CmLSm complex for U6, we measured the CmLSm complex's binding affinity for a small fragment of U4 snRNA. We did not expect the CmLSm complex to bind this fragment, since it does not contain the canonical uridine-rich LSm binding site. Using an oligo corresponding to the 5 ′ kink-turn of C. merolae U4 (ro52; Fig. 3E ), we observed no binding interaction at LSm concentrations up to 10 µM (Fig. 3F, lanes 7-11) . In contrast, we observed binding between the ro52 oligo and CmSnu13 (Fig.  3F , lanes 2-6), as demonstrated previously (Black et al. 2016) . Together, these results indicate that the C. merolae LSm complex binds specifically, and with high affinity, to U6 snRNA.
In light of these in vitro results, we sought evidence for U6: LSm binding in C. merolae whole-cell extract. We immunoprecipitated the LSm proteins from extract using anti-LSm polyclonal antiserum raised against the recombinant LSm complex (Fig. 4A , lane 2), but not with non-immune serum (lane 3). The immunoprecipitated proteins comigrate with recombinant CmLSm proteins (lane 1). We extracted RNA from the immunoprecipitated pellet and analyzed the resulting RNA by Northern blotting for all four snRNAs (Fig. 4B) . We observed a band of the expected size for U6 in the coimmunoprecipitated RNA (Fig. 4B , lane 5), but not in the nonimmune control (lane 3). By comparing RNA from the supernatant (S) and the immunoprecipitated pellet (P), we found that, on average, 42% of U6 in extract was precipitated by the anti-LSm antiserum (Table 2; Fig. 4C ). Interestingly, when we probed for the other three C. merolae snRNAs, we observed 38% of total U4, 39% of U5, and 12% of U2 in the precipitates. In contrast, the non-immune serum pulled down 2% of U6, 3% of U4, 1% of U5, and 4% of U2 (Table 2 ). While copurification of U4, U5, and U6 can be explained by their association in the tri-snRNP, the unexpected copurification of U2 snRNA may be due to cross-reactivity of the LSm antiserum with Sm proteins (MR Stark, unpubl.) . These results supported our in vitro experiments by demonstrating an interaction between U6 and the LSm complex in C. merolae extract. The copurification Table S1 ) (6H = Lsm6 with a His tag). (Right) Molecular weight marker sizes in kDa. (C) Representative class averages of CmLSm complexes by negative stain electron microscopy. Each average image represents ∼800 particles.
of U2, U4, and U5 further supports our contention that the CmLSm proteins are involved in splicing.
To investigate the composition of particle(s) immunoprecipitated with the LSm antiserum, we analyzed copurified proteins by mass spectrometry (IP-MS). We identified 58 proteins that yielded at least two unique peptides and that were more than twofold enriched relative to the IgG control (Table 3 , coIP columns). Aside from the LSm complex, we identified 17 splicing proteins previously found in C. merolae (Stark et al. 2015) , including six of the seven Sm proteins canonically associated with U2, U4, and U5; U4/U6 snRNP proteins Snu13 and Prp3; U5 proteins Prp8, Brr2, and Snu114; U2 protein Rse1; Sub2 from the A complex; EJC proteins THOC2 and Yra1; the splicing regulator Quaking;
and Pab1 (Table 3 ). In addition, 11 ribosomal and chloroplast proteins, and 12 proteins with other nonsplicing annotations, were identified that we assumed to be contaminants. Notably, 11 of the detected proteins were not annotated in the genome and not previously identified as part of the spliceosome, and therefore could be splicing proteins that were too divergent to detect in our original analysis (Stark et al. 2015) . Of these, seven had no significant BLAST hits, but two, CMR356C and CMS485C, appeared to be homologs of Prp4 and Prp31. BLAST searches with CMR356C yielded known Prp4 homologs in five organisms (Table 4) , albeit with E-values above the cutoff we used in our original searches (Stark et al. 2015) . BLAST searches with CMS485C yielded Prp31, but not always as the top hit, and with relatively poor E-values (Table 4) . While sequence alignments of CMR356C (Supplemental Fig. S2 ) and CMS485C (Supplemental Fig.  S3 ) only confirm the presence of WD and Nop motifs, respectively (Horowitz et al. 1997; Bizarro et al. 2015) , and have remarkably low sequence identities to their S. cerevisiae homologs of 14% and 12%, the identification of these proteins as CmPrp4 and CmPrp31 is consistent with their substantial abundance in the list of proteins coimmunoprecipitated with the LSm proteins. One of the annotated, nonsplicing proteins in the IP-MS experiment was Dcp1 (Table 3) , which raised the possibility that CmLSm proteins are associated with mRNA degradation machinery as well as splicing factors. As we had not previously sought mRNA degradation proteins in C. merolae, we performed searches for the known members of this pathway. These searches revealed clear homologs for Dcp2, Xrn1, and Dhh1, the latter having an astounding 65%-71% identity with homologs (Table 5) . We also found good candidates for Edc4 and Scd6, and confirmed the identity of Dcp1, but we were unable to identify homologs of Pat1 or Edc3. In addition to Dcp1, we were therefore able to identify Xrn1, Edc4, and Scd6 in the coimmunoprecipitated proteins (Table 3) . We noticed, however, that CMB102C, annotated only as "hypothetical protein," was the second most highly enriched protein in the IP-MS experiment. PSI-BLAST searches yielded Pat1 homologs, but with high E-values (Table 5) . We therefore aligned CMB102C with a number of previously identified Pat1 homologs (Supplemental Fig. S4 ). The alignments revealed a protein with a comparable length to its homologs, comparable divergence from the S. cerevisiae protein, and conserved topo II binding motifs (Wang et al. 1996) .
To further test the possibility that CMB102C could be a Pat1 ortholog, we used the LOMETS homology modeling metaserver (Wu and Zhang 2007) to find proteins with whose three-dimensional structures CMB102C's sequence was consistent. Five of the top 10 results, as ranked by the LOMETS confidence score, corresponded to the C-terminal portion of Pat1 homologs, and the top two had Z-scores of 80, demonstrating high-quality modeling results (Table 6 ; Wu and Zhang 2007) . Structure-based alignment of CMB102C with Pat1 (Supplemental Fig. S5 ) was slightly different from sequence-based alignment (Supplemental Fig. S4 ), although they were generally within 10 amino acids of one another. Figure 5 shows the fit between the CMB102C model and the Pat1 structure (panel A), demonstrating the overall consistency between the CMB102C sequence and Pat1's three-dimensional fold (Sharif and Conti 2013; Wu et al. 2014) . Amino acids predicted to be at the interface between CMB102C and the LSm proteins have similar properties and orientations to those in Pat1's interface (Fig. 5B) . We have therefore provisionally identified CMB102C as the Pat1 ortholog in C. merolae.
Based on these observations, we hypothesized that there are two separate CmLSm complexes, one nuclear splicing complex and one cytoplasmic degradation complex, and that in making whole-cell extract they became mixed, resulting in immunoprecipitation of both. To test this, we used 2 ′ OMe antisense oligonucleotide pull-downs to investigate whether only splicing proteins would copurify with U6 snRNA. Northern analysis of the pull-down showed that we isolated ∼70% of U6 from extract, compared to <1% when using a control oligo (Fig.  6, lanes 8 and 2) . In addition, ∼50% of U4 was isolated, consistent with known base-pairing between C. merolae U4 and U6 (Stark et al. 2015) . Mass spectrometric identification of U6-associated proteins (2 ′ OMe-MS) revealed the LSms, as expected, as well as U4-associated Sm proteins and Prp3, Prp4, and Prp31, supporting the identification of the latter two proteins in the IP-MS experiment (Table 3) . We also observed U5-associated proteins Prp8, Brr2, and Snu114, consistent with the probable existence of tri-snRNP in C. merolae, and with the low levels of U5 visible in the Northern blot (Fig.  6, lane 8) . We detected a variety of other splicing proteins, including some from the U2 snRNP and various step-specific factors (Table 3) . Unexpectedly, we also found all of the mRNA degradation proteins except Dcp1 to be substantially enriched relative to the control.
While the U6-LSm interaction might conceivably reassort during cell lysis and complex purification, resulting in LSmassociated degradation complexes becoming associated with U6, it seemed less likely that this could happen with other snRNAs, particularly U2. We therefore performed pull- downs with oligos directed against U4, U5, and U2 snRNAs. Northern analysis again confirmed successful purification of the targeted snRNAs relative to controls (Fig. 6, lanes 4,6,10) , with little copurification except for U6 in the U4 pull-down. Mass spectrometric results showed strong enrichment for the expected snRNP-specific proteins, although the Sm proteins were more highly enriched in the U2 pull-down than in any of the others, perhaps due to the higher efficiency snRNA isolation (Table 3) . Unexpectedly, we detected substantial enrichment of NTC proteins, particularly with U2, as well as B complex and B act complex proteins, and several other miscellaneous splicing proteins. We also observed enrichment of several U2 proteins in the U4, U5, and U6 snRNA pulldowns, despite low levels of U2 snRNA detected on the Northern. Consistent with the existence of a U4/U6.U5 trisnRNP, U5 proteins copurify with the U4 and U6 snRNAs, but their presence in the U2 pull-down was unexpected. One of the copurified proteins was clearly a DEAH-box helicase, which BLAST searches suggested might be Prp2 (Table 4) , although it does not have the N-terminal extension canonically associated with Prp2 (Supplemental Fig. S6 ; King and Beggs 1990) . Notably, mRNA degradation proteins copurified at similar levels with all of the snRNAs, raising the intriguing possibility of a spliceosome-associated RNA degradation complex.
The existence of just one CmLSm complex, along with the unexpected association of Pat1 mRNA degradation proteins with the splicing machinery, suggested that C. merolae may not harbor a cytoplasmic fraction of the Pat1 complex. In order to determine its cellular localization, we used anti-LSm antiserum to perform indirect immunofluorescence microscopy on C. merolae cells (Fig. 7) . The chloroplast of C. merolae cells is autofluorescent over a broad range of wavelengths, and is therefore visible in the FITC (green) and TXRED (red) channels (Fig. 7A) . We could readily detect the nucleus and chloroplast from DAPI staining in cells with no antiserum treatment (Fig. 7B) , and we detected no green autofluorescence signal outside of the chloroplast when the outline of the DAPI signal was superimposed on the FITC (green) image (Fig. 7C,D arrow) . As a further test, we digitally subtracted the DAPI (blue) image from the FITC (green) image, which again showed that there is no green signal outside of the chloroplast (Fig. 7E) . In contrast, we easily detected a green signal outside the chloroplast in cells stained with anti-LSm antiserum (Fig.  7F ). This demonstrated that the antibodies specifically recognized an antigen in C. merolae cells and were readily visible above the background autofluorescence.
To determine whether the CmLSm proteins are exclusively nuclear, we compared the FITC (green) signal to the DAPI (blue), as shown in two representative cells (Fig. 7G-N) . In 
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The rank and identity of the reciprocal hit is noted. RBH E-values are reported for the top hit as well as for the predicted protein when it is not the top hit. Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Hs, Homo sapiens; Dm, Drosophila melanogaster; Gs, Galdieria sulphuraria; Cr, Chlamydomonas reinhardtii; At, Arabidopsis thaliana.
merged images, the antiserum staining appears to have a diffuse, nuclear portion, as well as a stronger, punctate pattern outside the nucleus (Fig. 7G,K) . To test this, we made outlines of the merged chloroplast autofluorescence and DAPI signals (Fig. 7J,N) and superimposed them on the antiLSm FITC (green) images (Fig. 7I,M) . The arrows indicate punctae distributed at least partially outside the nuclear and chloroplast boundaries. As a further test, we digitally subtracted the DAPI (blue) signal from the anti-LSm (green) signal, again demonstrating substantial LSm staining outside the nuclear boundary (Fig. 7O) . Taken together, these data support the presence of LSm proteins in the cytoplasm.
To investigate the localization of CmLSm proteins in more detail, we used immunoelectron microscopy (IEM) with gold-labeled antibodies to assess the distribution of CmLSm proteins in C. merolae cells. In transverse sections Splicing and degradation with one LSm complex www.rnajournal.org 961 through the nucleus and surrounding cytoplasm (Fig. 8 , left panel) and in longitudinal sections through the nucleus, mitochondrion, and chloroplast (Fig. 8 , right panel) gold particles were observed in the nucleus (tailed arrows) and cytoplasm (solid arrows), but not in other organelles or cellular compartments. This clearly demonstrates that a substantial proportion of CmLSm proteins are indeed cytoplasmic. Our results support a nuclear function for the CmLSm complex in splicing, while the cytoplasmic fraction is consistent with an LSm-associated mRNA degradation complex.
DISCUSSION
Bioinformatic searches identified seven distinct LSm proteins in C. merolae (Stark et al. 2015) . LSm4 is encoded by paralogous genes (CMG061c and CMT545c) that differ at only three positions but produce identical proteins. Since most organisms in which LSm proteins have been studied have at least eight LSm proteins belonging to two complexes, we sought to determine whether the CmLSm proteins have a splicing function in the nucleus or an mRNA degradation function in the cytoplasm. Our IP-MS and 2 ′ OMe-MS data, in vitro binding measurements, and microscopy are consistent with the CmLSm complex playing a role in both processes. In addition, the data raise the possibility of a spliceosome-associated RNA degradation complex in C. merolae.
Previous work has characterized LSm complexes in other organisms with reduced spliceosomes. In Leishmania tarentolae, proteomic analysis in the absence of a sequenced genome revealed the presence of LSm2, LSm3, LSm4, LSm5, and LSm8 (Tkacz et al. 2010 ). This complex was associated with other splicing components, but not with mRNA degradation factors. Earlier work in Trypanosoma brucei found a single complex, lacking LSm1, that associated with U6, but was not detectable in cytoplasmic P-bodies or stress granules, again arguing against a role in mRNA degradation (Tkacz et al. 2008) . In contrast, however, depletion of T. brucei LSm8 resulted in increased mRNA stability (Liu et al. 2004) , raising the possibility that the single T. brucei LSm complex may function in both splicing and mRNA decay. Our microscopic evidence demonstrates the presence of CmLSm proteins in the cytoplasm that could be involved in mRNA degradation. Consistent with this, we found a possible C. merolae Pat1 homolog as well as the other known Pat1-associated mRNA degradation proteins (except Edc3) that copurified with the CmLSm complex, and, unexpectedly, with all four snRNAs. Further work will be required to confirm the function of the Pat1 complex in mRNA degradation, as well as to test the possibility of a spliceosome-associated RNA degradation particle. A splicing-associated degradosome would be consistent with evidence for a spliceosomal discard pathway that rejects aberrant pre-mRNA transcripts for degradation (Burgess and Guthrie 1993; Koodathingal et al. 2010; Mayas et al. 2010; Koodathingal and Staley 2013) . It would also be consistent with recent evidence for a nuclear Pat1 fraction (Marnef et al. 2012) , although experiments in S. cerevisiae suggest that nuclear Pat1 is not involved in premRNA degradation (Muppavarapu et al. 2016 ). These observations raise the question of how one LSm complex would be targeted to two cellular compartments. In S. cerevisiae, no single LSm is sufficient for nuclear exclusion or accumulation, although the N termini of LSm1 and LSm8 play a role in targeting (Reijns et al. 2009 ). One possibility in C. merolae is that cytoplasmic localization of the LSm/Pat1 complex is the default, while targeting to the nucleus occurs via Pat1-snRNP interactions. Interestingly, it has been shown in trypanosomes that Sm proteins can functionally substitute for LSm proteins (Palfi et al. 2000) , so it is conceivable that the nuclear CmLSm complex contains an Sm protein responsible for nuclear localization in place of LSm8. Our in vitro data, however, make it clear that the CmLSm complex is competent to bind U6 snRNA without the participation of Sm proteins.
The protein identifications presented here empirically substantiate our bioinformatic predictions of splicing proteins in C. merolae (Stark et al. 2015) . Of the 42 predicted proteins, we found all but Dib1, Msl5/BBP, Prp16, and the cap binding complex proteins Sto1 and Cbc2 enriched at least twofold above background in our copurification experiments. We also observed peripheral, putative splicing proteins, specifically Fal1, Rsp31, Rpg1, Mtr4, and RPSA. In addition, we found candidates for Prp4 and Prp31 that are clearly enriched in U4 and U6 snRNA pull-downs, although their homology with known proteins is tenuous. We observed a protein with some similarity to Prp2 in association with the U5 snRNA, bringing the count of core splicing proteins in C. merolae to 45. Notably, despite copurifying the mRNA degradation machinery and several previously unidentified splicing proteins, we failed to observe any U1-associated proteins, supporting our previous conclusion that the U1 snRNP is absent in this organism.
The K d value of 120 ± 15 nM that we observed for the interaction between full-length U6 and the CmLSm complex is similar to the reported K d of 52 ± 7 nM for the interaction between yeast U6 and LSm2-8 (Zhou et al. 2014) . This suggests that the CmLSm complex might interact with U6 in a similar ′ O-methyl antisense oligonucleotide pull-downs of C. merolae snRNAs. Northern analysis of snRNAs in pull-down supernatants (S) and pellets (P). The identity of snRNAs on the blot is indicated at left, while the oligo used in the pull-down, and its target snRNA, is indicated above each lane. The average fraction of each snRNA isolated in each experiment is given below (n ≥ 3) with standard deviations in parentheses. Splicing and degradation with one LSm complex www.rnajournal.org 963 manner to how it does in yeast. Additionally, our CmLSm complex looks comparable to the yeast LSm complex at the level of electron microscopy on negatively stained samples (see Fig. 2 of Achsel et al. 1999) . The toroidal appearance of the complex, its purification by a single tag on LSm6, and the Hill coefficient for binding of approximately one all argue for a preformed complex that binds RNA in a single step. Although a putative cross-link between the yeast LSm complex and the U6 stem was found (Karaduman et al. 2006) , an oligo containing only the CmLSm binding site bound comparably to an oligo with the adjacent stem (K d = 150 nM versus 180 nM, respectively), as well as to the complete snRNA (K d = 120 nM). These results suggest that the CmLSm complex only binds the extreme 3 ′ end of U6, but further work will be required to fully characterize the CmLSm binding determinants.
Our results suggest that the only proteins associated with the U6 snRNP are the LSm proteins. Since C. merolae is missing Prp24, which usually associates with the U6 snRNP and promotes U4/U6 di-snRNP formation, this could indicate that the LSm proteins carry out this function. LSm proteins have previously been shown to promote U4/U6 base-pairing in vitro (Achsel et al. 1999) . We have shown that U4 and U6 snRNAs are indeed capable of base-pairing in C. merolae (Stark et al. 2015) , but have yet to investigate whether the presence of LSm proteins enhances this interaction.
MATERIALS AND METHODS
See Supplemental Material for more details.
Cyanidioschyzon merolae bioinformatic analysis
We obtained protein sequences for the LSm, Prp4, Prp31, Prp2, and mRNA degradation pathway genes from the NCBI Homologene database and analyzed these sequences using NCBI Protein BLAST to find homologs in C. merolae using reciprocal best hit methodology (Ward and Moreno-Hagelsieb 2014; Stark et al. 2015) . Protein sequences were aligned using MUSCLE (Edgar 2004) and formatted with MView (Brown et al. 1998) . For the phylogenetic tree, sequences were aligned with Clustal Omega (Li et al. 2015) , and trees were calculated with PhyML (Guindon et al. 2010) , and visualized and edited with FigTree. We used PSI-BLAST (Altschul et al. 1997) to identify homologs of the uncharacterized proteins from C. merolae that were enriched in the IP-MS and/or 2 ′ OMe-MS experiments. Additionally, to confirm the identity of the proposed CmPat1 homolog we used the structure modeling (threading) program, LOMETS (Wu and Zhang 2007) , visualized with PyMol (Schrödinger).
LSm cloning, protein preparation, and verification by mass spectrometry
We amplified all seven LSm genes from C. merolae genomic DNA by PCR, and combined these genes sequentially into a single coexpression plasmid, pQLink, using ligation-independent cloning (Scheich et al. 2007; Dunn 2014) . We expressed the resulting plasmid, with His-tagged LSm6, in Rosetta(DE3)pLysS cells using auto-inducing media ZYM-5052 (Studier 2005) , then lysed the cells and purified the protein complex in two steps using nickel affinity chromatography, followed by gel filtration. To confirm by mass spectrometry that all seven LSm subunits were present in the final concentrated sample, the sample was denatured and digested with trypsin. Reactions were quenched with formic acid and loaded directly onto a C18 reverse-phase column for LC-MS/MS.
Production of CmLSm antibodies and affinity purification
We injected a rabbit with purified CmLSm protein complex in order to generate polyclonal antibodies against the LSm proteins. We affinity purified the anti-LSm antibodies from the crude serum using cross-linked CmLSm complex coupled to sepharose, followed by acid elution (Harlow and Lane 1988) .
Electrophoretic mobility shift assays
EMSA reactions contained 32 P-labeled, in vitro transcribed (IVT) U6 snRNA at a final concentration of 10 nM, and LSm protein complex at the concentrations indicated in Figure 3 . Following incubation for 15 min at room temperature, we electrophoresed samples on a native polyacrylamide gel at 4°C and imaged the gel on a phosphorimager screen. For U4 binding measurements, we followed the same procedure as above, except we used a fluorescein-labeled U4 oligo at a final concentration of 100 nM, and visualized the gel with a fluorescent scanner. We used Kaleidagraph (Synergy Software) to fit the data, measured in triplicate, to a modified Hill equation and generate K d values.
Preparation of C. merolae whole-cell extract
Extract from the 10D strain of C. merolae was prepared following the cryo-grinding method for yeast splicing extract using a mortar and pestle (Ansari and Schwer 1995; Dunn and Rader 2014) , or using a planetary ball mill (Trahan et al. 2016) , with some modifications. Briefly, we grew cells in MA2 media, harvested cells in log phase, and injected them into liquid nitrogen using a syringe. We ground the cells to a fine powder in the presence of liquid nitrogen so that the grindate remained frozen throughout. Grindate was thawed quickly by the addition of cold lysis buffer. The cell lysate was sonicated briefly and then centrifuged to remove starch and cellular debris. Extract was either used immediately, or glycerol was added to a final concentration of 10% and the extract was snap frozen in liquid nitrogen and stored at −80°C.
LSm coimmunoprecipitation
To immunoprecipitate the LSm complex from C. merolae extract, we cross-linked anti-LSm serum or non-immune serum to Protein A Sepharose using dimethylpimelimidate. For coimmunoprecipitation followed by mass spectrometry (IP-MS) we conjugated affinity purified anti-LSm antibodies or rabbit IgG to magnetic M270 Epoxy Dynabeads (Oeffinger et al. 2007 ). C. merolae extract was incubated with cross-linked beads followed by extensive washing to remove nonspecific proteins. Proteins were eluted with Laemmli buffer for analysis by Western blot, or proteins were removed by treatment with Proteinase K followed by phenol:chloroform extraction, and the RNA was EtOH-precipitated for analysis by Northern blot. For IP-MS, we performed on-bead trypsin digestion of the bound proteins with 750 ng of trypsin in 50 µL of 20 mM Tris-HCl pH 8.0 at 37°C overnight in a thermomixer set at 900 RPM (Gingras et al. 2007 ). These reactions were quenched with formic acid and then cleaned on a C18 ZipTip prior to loading onto a C18 reverse-phase column for LC-MS/MS analysis as previously described (Trahan et al. 2016 ).
2
′ O-methyl oligo pull-downs
To isolate the snRNAs and their associated proteins from C. merolae extract, we first incubated extract with a biotinylated RNA oligo complimentary to a short region of each snRNA, or a control oligo, and then added magnetic beads coated with Neutravidin. Beads were washed extensively and then the same procedures as in the LSm coimmunoprecipitation were followed for Northern blot analysis and mass spectrometry.
Mass spectrometry
For details on sample preparation, see Supplemental Methods. Raw files were first converted to mzML format using ProteoWizard (v3.0.9322) and the AB SCIEX MS Data Converter (v1.3 beta), and then searched using Mascot and Comet (v2014.02 rev. 2) search engines. The searches were performed against the RefSeq database release 57 including a decoy set. One missed cleavage was allowed in the search parameters for +2 to 4+ precursor ions with a 10 ppm error tolerance, and a 0.6 Da error tolerance on fragmented ions. The output from each search engine were analyzed through the Trans-Proteomic Pipeline (Deutsch et al. 2010 ) (v4.7 POLAR VORTEX rev 1) by means of the iProphet pipeline using a 5% FDR (Shteynberg et al. 2011 ).
Immunofluorescence microscopy
We synchronized the division of C. merolae cells by subjecting them to a 12 h dark-12 h light cycle. We collected cells 10 h into the second light cycle to isolate cells in interphase (Suzuki et al. 1994) . Cells were fixed in paraformaldehyde/methanol and permeabilized with Triton X-100. Cells were blocked with BSA and then incubated with anti-LSm serum, followed by a fluorescent secondary antibody. Control reactions were performed as above, with the exception of incubating in 1× PBS instead of anti-LSm antiserum. We visualized the cells with an Olympus BX61 fluorescence microscope.
Electron microscopy
We prepared negative stain specimens by adsorbing purified proteins to glow discharged carbon-coated copper grids and staining with uranyl formate. We took images of the specimens on a Tecnai Spirit transmission electron microscope (FEI) and interactively selected particles from the micrographs.
Immunoelectron microscopy
Immunoelectron microscopy was performed as described previously ( (Yagisawa et al. 2007 ). Grid sections were incubated with affinity purified anti-LSm antibodies followed by goat antirabbit IgG conjugated with colloidal gold. Samples were stained with uranyl acetate and visualized with an electron microscope.
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